Lightning criteria relative to space shuttles:  Currents and electric field intensity in Florida lightning by Mclain, D. K. & Uman, M. A.
b 
N A S A  C O N T R A C T O R  //& 
R E P O R T  
c 
*o 
N 
e 
U 
c 
I 
CASE F ILE  4 z 
LIGHTNING CRITERIA RELATIVE 
TO SPACE SHUTTLES: CURRENTS 
AND ELECTRIC FIELD INTENSITY 
IN FLORIDA LIGHTNING 
Prepared b y  
WESTINGHOUSE RESEARCH LABORATORIES 
Pittsburgh, Pa. 1 5 2  35  
for George C .  illartrhall Space Flight Cetzter 
N A T I O N A L  A E R O N A U T I C S  A N D  SPACE A D M I N I S T R A T I O N  W A S H I N G T O N ,  D. C .  NOVEMBER 1?72 
https://ntrs.nasa.gov/search.jsp?R=19730002931 2020-03-23T09:29:52+00:00Z
. 1. REPORT NO. 2. GOVERNMENT ACCESSION NO. 
NASA CR -2161 
4. T I T L E  AND SUBTITLE 
Lightning C r i t e r i a  Relat ive to Space Shuttles: C u r r e n t s  
and E l e c t r i c  F ie ld  Intensity in F lor ida  Lightning. 
7. AUTHOR(S) 
M a r t i n  A. Uman and  D. Kenneth McLain 
9. PERFORMING ORGANIZATION NAME AND ADDRESS 
W e  s tinghous e R e s  e a r  c h  Labora tor ies  
P i t t sburg ,  Pennsylvania 15235 
3. RECIPIENT'S CATALOG NO. 
5 .  REPORT DATE 
November 1972 
6. PERFORMING ORGANIZATION CODE 
8.  PERFORMING ORGANIZATION REPOR r 
MI06 
10 .  WORK UNIT, NO. 
11 .  CONTRACT OR GRANT NO. 
J 
1 2 .  SPONSORING AGENCY NAME AND ADDRESS 
NASA 
Washington, D. C. 
NAS8-28168 
1 3 .  TYPE OF REPORT 8: PERIOD COVEREC 
Contractor  Repor t  
14. SPONSORING AGENCY CODE 
1 9 .  SECURITY CLASSIF. (of thie repat) 
U NC LASS IFIE D 
1 7 .  KEY WORDS 
Atmospher ic  e lec t r ic i ty ,  Lightring, 
Design criteria, P e a k  c u r r e n t s ,  
Lightning channel  c u r r e n t s ,  C u r r e n t  
r is e time s . 
20. SECURITY CLA 
UNCLASSIFIED 41 $3 -00 
18. DISTRIBUTION STATEMENT 
;IF. (of this page) 2 1 .  NO. OF PAGES 22. PRICE 
* For sale by the National Technical Information Service, Springfield, Virginia 22151 
Table of Contents 
Page 
1 
3 
6 
8 
15 
21 
24 
25 
26 
28 
i ti 
LIGHTNING CRITERIA RELATIVE TO SPACE SHUTTLES: 
CURRENTS AND ELECTRIC FIELD INTENSITY I N  
FLORIDA LIGHTNING 
by 
* 
Martin A. Uman 
and 
D. Kenneth McLain 
Westinghouse Research L a b o r a t o r i e s  
P i t t s b u r g h ,  Pennsylvania 15235 
I n t r o d u c t i o n  
.Only a few hundred r e l i a b l e  measurements have been made of 
l i g h t n i n g  c u r r e n t  vs. time, and a l l  of t h e s e  r e p r e s e n t  t h e  c u r r e n t  
flowing a t  t h e  base  of t h e  l i g h t n i n g  channel [Uman, 19691. Furthermore, 
most of t h e s e  measurements involved l i gh tn ing  t o  t a l l  s t r u c t u r e s ,  and 
it i s  n o t  c l e a r  whether such l i g h t n i n g  is s i m i l a r  t o  s t r o k e s  t o  
r e l a t i v e l y  f1.at ground. 
A i r c r a f t  and launch v e h i c l e s  i n  f l i g h t  a r e  n a t u r a l  t a r g e t s  
f o r  l i g h t n i n g .  Thus, it is  important t o  have adequate s t a t i s t i c s  on 
c u r r e n t  i n  l i g h t n i n g  channels above the ground i n  o r d e r  t o  be a b l e  t o  
p r o t e c t  a i r c r a f t  and v e h i c l e s  a g a i n s t  t h e  d e l e t e r i o u s  e f f e c t s  o f  
l i g h t n i n g .  
Several  a t t empt s  have been made t o  d e r i v e  r e t u r n - s t r o k e  
channel c u r r e n t  waveforms from measured e l e c t r i c  o r  magnetic f i e l d s  
(e.g., Norinder acd Dahle, 191!.5; Croom, 1964; S r i v a s t a v a  and Tantry,  
1966). Ir. none o f  t h e s e  s t u d i e s  was the time r e s o l u t i o n  of  t h e  
measurement adequate t o  a l low t h e  current r i s e t i m e s  t o  be p rope r ly  
R 
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ca lcu la ted .  Fu r the r ,  t h e  most extensive work, t h a t  of  Norinder and 
co-workers, employed theo ry  which was i n  e r r o r  !Uman and McLain, 1969). 
A l l  previous s t u d i e s  designed t o  e x t r a c t  c u r r e n t  from measured f i e l d s  
have employed t h e  r e t u r n  s t r o k e  model of Bruce and Golde [1941]. 
We have been unable  t o  f i n d  i n  t h e  l i t e r a t u r e  any d e t a i l e d  
a n a l y s i s  on a microsecond t ime-scale  of t h e  e l e c t r i c  f i e l d  i n t e n s i t y  
produced by c l o s e  (wi th in  10 k m )  l i g h t n i n g  r e t u r n  s t r o k e s  i n  cloud-to- 
ground f l a shes .  A number of c a l c u l a t i o n s  of  t h e  e l ec t r i c  f i e l d  due 
t o  d i s t a n t  (ove r  100 km) l i g h t n i n g  have been made us ing  t h e  moment 
equat ion approximation [ see McLain and Uman, 19711; and Morrisor, [ 19521 , 
us ing  t h e  same approximation, has  computed t h e  e l e c t r i c  f i e l d  a t  
d i s t a n c e s  between 16 and 100 km f o r  an a t y p i c a l  1ight.ning c u r r e n t  
r i s i n g  t o  peak va lue  i n  about  50 psec and decreas ing  t o  h a l f  of  peak 
va lue  i n  about  200 psec. 
I n  t h e  p r e s e n t  r e p o r t  we f i r s t  f i n d  a " t y p i c a l "  l i g h t n i n g  
r e tu rn - s t roke  c u r r e n t  waveform from measured r a d i a t i o n  ( d i s t a n t  
e l e c t r i c )  f i e l d s  us ing  t h e  technique  desc r ibed  by Uman and McLain 
[ 1970a], and then ,  wi th  t h e  der ived  cur rer . t ,  compute t h e  e l e c t r i c  
f i e l d  i n t e n s i t y  a t  d i s t a n c e s  between 0.5 and 100 km us ing  t h e  express ion  
g iven  by McLa.in a.nd Uman [1971]. The p r e d i c t e d  e l e c t r i c  f i e l d  waveforms 
f o r  c lose  l i gh tn ing  a r e  then  compared wi th  measured waveforms. 
Following t h i s  we d e r i v e  from e l e c t r i c  f i e l d s  measured c l o s e  t o  l i g h t n i n g  
t h e  r e t u r n  s t r o k e  c u r r e n t s  necessary  t o  produce t h o s e  f i e l d s .  
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Theory 
The e l e c t r i c  f i e l d  i n t e n s i t y  E a t  a d i s t a n c e  D from t h e  
bottom of  a s t r a i g h t  v e r t i c a l  channel of he igh t  H due t o  t h e  r e t u r n  
s t r o k e  c u r r e n t  i ( z , t )  i s  g iven  by McLain and Uman [1971] a s  
where E i s  pe rpend icu la r  t o  t h e  ground plane,  assumed i n f i n i t e l y  
conducting, and a l l  geometr ica l  parameters  a r e  de f ined  i n  Fig.  1. The 
f i r s t  term on t h e  r i g h t  o f  (1) i s  c a l l e d  t h e  e l e c t r o s t a t i c  f i e l d ,  t h e  
second t h e  induct ion  o r  t h e  in te rmedia te  f i e l d ,  t h e  t h i r d  t h e  r a d i a t i o n  
f i e l d .  
s t r o k e  wavefront v e l o c i t y  v, Uman ar.d McLain [1970a] have so lved  (1) 
f o r  c u r r e n t  i n  terms of  e l e c t r i c  f i e l d  f o r  t w o  r e t u r n  s t r o k e  models. 
Fo r  D>>H ( t h e  r a d i a t i o n  f i e l d  dominant) and a c o n s t a n t  r e tu rn -  
I n  t h i s  paper  w e  cons ide r  on ly  t h e  t ransmiss ion  l i n e  model o f  - Uman 
and McLain [I9691 i n  which a g iven  current.  waveshape propagates  up t h e  
l i g h t n i n g  channel at. v e l o c i t y  v behind t h e  wavefront:  t h a t  is, 
i ( z , t )  = i ( t -z /v) .  I n  t h i s  c a s e  
2 
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a s  long a s  t < H/v. 
t h e  same waveshape u n t i l  t h e  r e t u r n  s t r o k e  wavefront  r eaches  t h e  top  
o f  t he  channel,  a time t y p i c a l l y  between 20 and 200 psec.  
That  i s ,  t h e  c u r r e n t  and t h e  e l e c t r i c  f i e l d  have 
I n  o r d e r  t o  use  t.he approach desc r ibed  above, we must 
j u s t i f y  t h e  approximation of  a c o n s t a n t  r e t u r n  s t zoke  wavefront  
ve loc i ty .  
s t rokes  subsequent t o  t h e  f i r s t ,  w i th  two-dimensional v e l o c i t i e s  
ranging from 2.4 x 10 t o  1.1 x 10 m/sec. F o r  f i r s t  r e t u r n  s t r o k e s ,  
t h e  wavefront v e l o c i t y  a c c o r d i ~ g  t o  Schonland e t  a l .  [1935] i s  c o n s t a n t  
between major branches ( 1 4  s t r o k e s  were analyzed) .  
s t rokes  f o r  which d e t a i l e d  d a t a  a r e  presented ,  Schonland e t  a l .  [1935] 
According t o  Schonland [1956], t h i s  i s  t h e  c a s e  f o r  r e t u r n  
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F o r  t h r e e  f i r s t  
r e p o r t  cons t an t  r e t u r n  s t r o k e  v e l o c i t i e s  from ground upward o f  1.6 x 10 8 
m/sec f o r  10 psec,  5.2 x 10 7 m/sec f o r  13 psec,  and 9.2 x 10 7 m/sec 
f o r  17 psec. 
assume a cons t an t  r e t u r n  s t r o k e  v e l o c i t y  f o r  about  10 psec.  I t  fo l lows  
t h a t  c a l c u l a t i o n s  f o r  c u r r e n t  r i s e  time and peak va lue  a r e  probably 
v a l i d  i f ,  a s  i s  u s u a l l y  t h e  case ,  t hey  occur  b e f o r e  about  10 psec.  I n  
t h i s  paper we w i l l  c a r r y  t h e  c a l c u l a t i o n s  t o  30 psec and i n  t h e  absence 
of  o the r  information,  w i l l  assume t h a t  v f o r  f i r s t  and f o r  subsequent 
s t rokes  i s  cons t an t  f o r  t h i s  time. 
Thus f o r  f i r s t .  r e t u r n  s t r o k e s  it may be r easonab le  t o  
A s  s t a t e d ,  we u s e  a t r ansmiss ion - l ine  model t o  d e s c r i b e  t h e  
re turn-s t roke .  The most commonly used r e t u r n  s t r o k e  model has  been 
t h a t  of Bruce and Golde [ 19411. I n  t h e  9ruce-Golde model t h e  channel 
cu r ren t  i s  assumed uniform al.ong t h e  channel b u t  t ime-varying below 
t h e  r c t u r n  s t r o k e  wavefront and zero  above. We r e j e c t  t h e  Bruce-Golde 
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model f o r  s e v e r a l  reasons:  (1) our  computer s t u d i e s  show that .  it cannot 
account f o r  t h e  broad i n i t i a l  hump (mostly e l e c t r o s t a t i c  f i e l d )  observed 
by u s  on ve ry  c l o s e  ( l e s s  t han  1 km) e l e c t r i c  f i e l d  waveforms ( s e e  
Figs .  6 and 8) whereas t h e  t ransmission l i n e  model can; (2)  it cannot 
account f o r  t h e  m i r r o r  image e f f e c t  (Fig. 7 of F i s h e r  and Uman, 1972; 
Fig.  2c of  Taylor ,  1963) observed p rev ious ly  and i n  a number of F l o r i d a  
storms during summer 1971 whereas t h e  t r ansmiss ion  l i n e  theo ry  can 
a s  i l l u s t r a t e d  by Eqs. (11) and (12) of =an and McLain,[ 1970bl;and 
( 3 )  it i s  n o t  p h y s i c a l l y  reasonable  i n  t h a t  it r e q u i r e s  an 
f a s t  information t r a n s f e r  along t h e  channel, and even a ve r s ion  of it 
which i s  p h y s i c a l l y  reasonable  [Dennis and P i e r c e ,  19641 makes less 
p h y s i c a l  "sense" than t h e  t ransmission l i n e  model. Both t h e  Bruce-Golde 
and t h e  t r ansmiss ion  l i n e  models a r e  of about equal  complexity t o  use.  
I t  i s  i n t e r e s t i n g  t o  note  t h a t  f o r  a l i n e a r  o r  concave c u r r e n t - r i s e  t o  
peak, a s  i s  observed, both models p r e d i c t  t h a t  t h e  peak f i e l d  ar.d 
t h e  peak c u r r e n t  a r e  a t t a i n e d  i n  t h e  sane time. On t h e  o t h e r  hand, 
for  l i n e a r i l y  r i s i n g  c u r r e n t s  and f o r  a given measured e l e c t r i c  f i e l d  
value,  t h e  Bruse-Golde model y i e l d s  a peak c u r r e n t  1/2 t h a t  found from 
t h e  t r ansmiss ion  l i n e  model and f o r  concave r i s i n g  c u r r e n t s  even less 
(compare Eqs.  (6) and (12) of  Uman and McLain, 1970a). 
i n f i n i t e l y  
5 
The Experiment 
T h e  bulk of t h e  e l e c t r i c  f i e l d  measurements on which t h i s  
r e p o r t  i s  based were obtained a t  Kennedy Space Center ,  F l o r i d a  during 
June and J u l y  of 1971. Data were a l s o  obtained near  P i t t s b u r g h ,  
Pennsylvania during t h e  s m e r  of 1970 [ F i s h e r  and Uman, 19721 and 
nea r  Tucson, Arizona during t h e  summer of 1971. E l e c t r i c  f i e l d  wave- 
forms recorded a t  t h e s e  t h r e e  l o c a t i o n s  a r e  q u a l i t a t i v e l y  s i m i l a r .  
each l o c a t i o n  a range of e l e c t r i c  f i e l d  parameters  (e .9 .  , r i s e t i m e ,  
peak value)  was observed. 
waveforms p resen ted  i n  t h i s  paper i s  t h a t  desc r ibed  by F i s h e r  and Uman 
[1972] b u t  modified t o  have a 2.5 psec s i g n a l  de l ay ,  a system r i s e  
t ime o f  s l i g h t l y  less than 0.5 psec,  and a system response t o  a s t e p  
funct ion i n p u t  which decays 30 p e r c e n t  from peak i n  about 60 psec. 
A t  
The system used t o  r eco rd  t h e  e l e c t r i c  f i e l d  
The antenna was placed on a sandy beach about 10 m from t h e  
A t l a n t i c  Ocean a t  Kennedy Space Center, Flor ida.  Distances  t o  t h e  
l i g h t n i n g  f l a s h e s  s t u d i e d  were determined from t h e  time s e p a r a t i o n  on 
s t r i p  c h a r t  r eco rds  between t h e  channel l i g h t  o u t p u t  and thunder a r r i v a l  
f o r  s t r o k e s  wi th in  about 18 km. Seve ra l  more d i s t a n t .  l i g h t n i n g  f l a s h e s  
were loca ted  from a comparison of v i s u a l  channel obse rva t ion  with r a d a r  
maps. Measurewnts  were made on f l a s h e s  both over land and over water. 
A t o t a l  of 98 s t r o k e s  i n  21 f l a s h e s  a t  d i s t a n c e s  l e s s  t han  o r  equal  t o  
10 km and 63 s t r o k e s  i n  18 f l a s h e s  a t  d i s t a n c e s  between 10 and 32 km 
were analyzed f o r  r e t u r n  s t r o k e  c u r r e n t .  
31 s t r o k e s  i n  8 f l a s h e s  were over water. 
O f  t h e  l a t t e r  18 f l a s h e s ,  
O f  t h e  98 c l o s e  s t r o k e s ,  
6 
95 were from a s i n g l e  storm system. 
The s i g n s  of  a l l  measured e l e c t r i c  f i e l d  waveforms presented  
i n  t h i s  r e p o r t  a r e  i n d i c a t i v e  
from cloud t o  ground. 
of t h e  lowering of  nega t ive  charge 
7 
Results 
Typical e l e c t r i c  f i e l d  waveforms from a m u l t i p l e - s t r o k e  
l i g h t n i n g  f l a s h  a t  a d i s t a n c e  between 20 and 40 !un a r e  shown i n  Fig. 2. 
D i s t a n t  waveforms from F l o r i d a  a r e  ve ry  s i m i l a r  t o  t h e  d is tan ' i  waveforms 
recorded i n  Pennsylvania ( see ,  f o r  example, Figs. 4-6 o f  F i s h e r  and 
- Uman, 1972). 
The first f e w  t e n s  of microseconds of more d i s t a n t  waveforms (100 km) 
a r e  e s s e n t i a l l y  pure r a d i a t i o n  f i e l d ,  but. may s u f f e r  propagat ion 
d i s t o r t i o n  a s  evidenced by a degradat ion of  t h e  r i s e t i m e  and a rounding 
The waveforms i n  Fig. 2 a r e  p r i m a r i l y  r a d i a t i o n  f i e l d .  
o f  the i n i t i a l  peaks and o t h e r  high frequency components ( F i s h e r  and 
- Uman, 1972). We have examined about  a thousand waveforms from 16 
F lo r ida  storms i n  t h e  d i s t a n c e  range 20 t o  100 km. The waveforms 
from the  c l o s e r  p a r t  of t h i s  range were used t o  determine t y p i c a l  
r a d i a t i o n - f i e l d  rise-time and behavior  around peak while  t h e  more 
d i s t a n t  waveforms were used t o  o b t a i n  d a t a  on r a d i a t i o n  f i e l d  f a l l - t i m e .  
I n  t h i s  way " t y p i c a l "  r a d i a t i o n  f i e l d  waveforms were der ived.  "Typical" 
r e tu rn - s t roke  c u r r e n t s  were found from t h e s e  r a d i a t i o n  f i e l d s  using (2 ) .  
A s  evident  from ( 2 )  t h e  c u r r e n t  has  t h e  shape of t h e  e l e c t r i c  f i e l d  
i n t e n s i t y  a t  100 km ( i n  t h e  absence of propagat ion d i s t o r t i o n ) .  
"Typical" c u r r e n t s  a r e  shown i n  Figs .  3-5. Roughly 30 p e r c e n t  of  t h e  
d i s t a n t  f i r s t - s t r o k e  f i e l d s  and 60 p e r c e n t  of t h e  d i s t a n t  subsequent 
s t r o k e  f i e l d s  could be w e l l  approximated by t h e  shape of t h e  100 km f i e l d  
of F igs .  3 a y  4a, and 5a. Roughly 50 p e r c e n t  of t h e  d i s t a n t  f i r s t - s t r o k e  
f i e l d s  could be wel l  approximated by t h e  shape of t h e  100 km 
f i e l d s  o f  Figs ,  3c,  4 c y  and 5c. The most common 
v a r i a t i o n s  from t h e  " typ ica l "  were a range of f i e l d  f a l l - t i m e s ,  t h e  
p re sence  of m u l t i p l e  peaks, and a range o f  risetimes most ly  between 
0.5 and 5 psec. 
I n  Figs.  3-5 i s  shown t h e  e l e c t r i c  f i e l d  i n t e n s i t y  computed 
from (1) us ing  t h e  t r ansmiss ion - l ine  model f o r  v a r i o u s  d i s t a n c e s  from 
a t y p i c a l  s t r o k e  c u r r e n t  f o r  a constant  product  VI 
and t h r e e  v a l u e s  of v and I Keeping VI c o n s t a n t  f o r c e s  t h e  d i s t a n t  
r a d i a t i o n  f i e l d  magnitude t o  be t h e  same i n  each drawing v i a  (2).  
i s  assumed t h a t  t h e  r e t u r n  s t r o k e  wavefront t a k e s  more than  30 psec t o  
r each  t h e  channel t op ,  and hence no e l e c t r i c  f i e l d  v a r i a t i o n  a s s o c i a t e d  
wi th  t h e  end of t h e  channel is shown. Figs .  3-5 s c a l e  l i n e a r l y  wi th  
I 
t h e  v a l u e s  of  e l e c t r i c  f i e l d  g iven  on t h e  o r d i n a t e  should be 
m u l t i p l i e d  by 5. 
f u n c t i o n s  of V. 
i s  peak c u r r e n t )  
P ( I P  
P* P 
It 
F o r  example, i f  Fig. 3 i s  t o  be used f o r  a peak c u r r e n t  of 100 kA, 
P. 
The f i e l d  waveshapes a t  c l o s e  range a r e  s t rong  
We have computed t h e  e l e c t r i c  f i e l d  i n t e n s i t y  a s  a func t ion  
of d i s t a n c e  and r e t u r n  s t r o k e  v e l o c i t y  f o r  a range o f  observed d i s t a n t  
waveforms (and c u r r e n t s )  and f i n d  them a l l  q u a l i t a t i v e l y  s i m i l a r  t o  
t h e  waveforms of Figs.  3-5. The following two r e s u l t s  o f  t h e  
c a l c u l a t i o n  a r e  worth comment: F i r s t ,  t h e  d i s t a n c e  a t  which +.he 
i n i t i a l  f i e l d  peak, e s s e n t i a l l y  r a d i a t i o n  f i e l d ,  can no longe r  be 
d i sce rned  i s  a func t ion  of t h e  sharpness (width)  of t h e  peak. 
peaks can be d i sce rned  a t  c l o s e r  d i s t ances .  
t h e  va lue  t o  which t h e  c l o s e  e l e c t r i c  f i e l d  rises a t  a g iven  t ime 
Sharper 
Second, f o r  a g iven  v, 
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a f t e r  t h e  i n i t i a l  peak, e s s e n t i a l l y  e l e c t r o s t a t i c  f i e l d ,  depends 
p r imar i ly  b n  t h e  time i n t e g r a l  of t h e  c u r r e n t ,  t h e  charge t r a n s f e r r e d ,  
t o  t h a t  time. Thus, t h e  slower t h e  d i s t a n t  r a d i a t i o n  f i e l d  f a l l s  with 
time, t h e  h ighe r  t h e  c l o s e  e l e c t r o s t a t i c  f i e l d  w i l l  rise. 
e l e c t r o s t a t i c  f i e l d  maximum t h e  f i e l d  dec reases  slowly wi th  time. 
When the  s t r o k e  c u r r e n t  has  ceased t o  flow a t  a l l  p o i n t s  i n  t h e  
channel, t h e  t o t a l  charge involved i n  t h e  c u r r e n t  waveform has 
e f f e c t i v e l y  been lowered from t h e  t o p  t o  t h e  bottom of t h e  channel. 
The f i n a l  f i e l d  va lve  ( a c t u a l l y  t h e  f i e l d  change) can be computed 
from the  s t anda rd  fo r rwla  (Ea. 3-37, - Uman, 1969). 
ca se  given i n  Fig. 4a and a 5 km high c h a m e l ,  t h e  f i e l d  a t  0.5 km 
w i l l  reach a f i n a l  va lue  of 58 V/m ( i t s  peak i s  about 1300 V/m>, 
whi le  t h e  f i e l d  a t  LO !un w i l l  r each  a f i n a l  va lue  of 5.3 ll/m. 
A f t e r  t h e  
For example, f o r  t h e  
Figs.  6-11 show measured r e t u r n - s t r o k e  f i e l d  waveforms 
fro% c l o s e  s t rokes .  A l l  t h e  d a t a  shown a r e  from t h e  same storm. The 
f i e l d  of t h e  s i n g l e  s t r o k e  f l a s h  a t  0.5 km shown i n  Fig. 6 could have 
been produced by a range o f  r e t u r n  s t r o k e  v e l o c i t i e s  and c u r r e n t  
waveshapes: For example, a c u r r e n t  r i s i n g  t o  a peak of 41 kA a t  
5 psec and f a l l - t i m e  t o  h a l f  va lue  a t  17 psec i n  conjunct ion wi th  a 
r e t u r n  s t r o k e  v e l o c i t y  of 4 x 10 m/sec; o r  a 7 r i s e t i m e  of 10 psec t o  
58 kA and f a l l - t i m e  t o  h a l f  va lue  a t  30 psec i n  con junc t ion  with a 
TJelosity o f  i x 10 Figs .  7 and 8 show t h e  f i e l d s  o f  c l o s e  8 m/sec. 
mu l t ip l e  s t r o k e  f l a s h e s  f o r  which no d i s t a n c e  ranging was a v a i l a b l e .  
From the  s i z e  of  t h e  f i e l d s  and t h e  time of occurrence during t h e  
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storm w e  s t r o n g l y  suspec t  t h a t  t h e  f l a s h e s  were a t  about 1 km. The 
waveforms of  Fig. 7 a s  very s i m i l a r  t o  t h e  c a l c u l a t e d  f i e l d  i n  Fig. 
5a f o r  v = 1.6 x 10 
c u r r e n t s  i n  t h e  25 t o  50 kA range. 
peaks a r e  appa ren t ly  p r e s e n t  on both  t h e  f i r s t  and subsequent s t rokes .  
The waveforms a r e  q u a l i t a t i v e l y  s i m i l a r  t o  t hose  s h o m  i n  Fig. 4a f o r  
a d i s t a n c e  s l i g h t l y  g r e a t e r  than 1 km. Some of t h e  l a t e - t ime  decrease  
i n  t h e  f i r s t - s t r o k e  f i e l d  may be  due t o  system response.  Fig. 9 shows 
f i e l d s  a t  1.1 km. 
c u r r e n t s  i n  t h e  range 20 t o  60 kA w i t h  r e t u r n  s t r o k e  v e l o c i t i e s  of  
1.6 (2 0.4) x 10 
a l low t h e  measured wave shape t o  be  adequately reproduced. Fig.  10 
shows r e t u r n  s t r o k e  f i e l d  waveforms a t  1.5 km. Two of t h e s e  a r e  
analyzed i n  d e t a i l  i n  Fig. 13. Curren ts  which produced t h e  waveforms 
of Fig. 10 f a l l  i n  t h e  range 30 t o  120 LA wi th  v e l o c i t i e s  of  1.6 
(5 0.4) x 10 m/sec. 
4.5 km. The f i r s t  and a subsequent s t roke  f i e l d  a r e  analyzed i n  
d e t a i l  i n  Figs .  12  and 13. The f i r s t  s t roke  peak c u r r e n t  i s  i n  t h e  
range 37 t o  75 kA wi th  a v e l o c i t y  o f  1.2 (2 0.4) x 10 
of t h e  subsequent s t r o k e  f i e l d s  shown ir .  Fig. 11 requ i red  a v e l o c i t y  
o f  2.Ik (+ - 0.4.) x 10 
i n  o r d e r  t h a t  t h e  computed waveform match t h e  measured. 
8 m/sec, a d i s t ance  between 0.5 and 1 h, and peak 
I n  Fig. 8 i n i t i a l  r a d i a t i o n  f i e l d  
The va r ious  s t r o k e  f i e l d s  can be  produced by peak 
8 m/sec. V e l o c i t i e s  o u t s i d e  of  t h i s  range do n o t  
8 Fig. 11 shows r e t u r n  s t r o k e  f i e l d  waveforms a t  
8 m/sec. Severa l  
8 m/sec, remarkably c l o s e  t o  t h e  speed of l i g h t ,  
While most of t h e  c l o s e  strokes measured i n  F l o r i d a  ( t h e  
m a j o r i t y  from a s i n g l e  storm) have e l e c t r i c  f i e l d  waveshapes i n d i c a t i v e  
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of r e t u r n  s t r o k e  v e l o c i t i e s  nea r  o r  above t h e  upper l i m i t  of t h e  range 
r epor t ed  by Schonland e t  a l .  [1935] and Schonland [1956], most of t h e  
e l e c t r i c  f i e l d  waveshapes recorded from c l o s e  l i g h t n i n g  i n  Pennsylvania 
(F i she r  and Urnan, 1972) a r e  i n d i c a t i v e  o f  lower r e t u r n  s t r o k e  v e l o c i t i e s .  
For example, i f  it is  assumed t h a t  t h e  f l a s h  whose f i e l d s  a r e  shown i n  
Fig. 3 of F i s h e r  and Uman [1972] was a t  7.5 km, t hen  t h e  b e s t  t h e o r e t i -  
c a l  f i t  t o  t h e  waveshape i s  a t t a i n e d  wi th  a v e l o c i t y  of 6 x 10 7 m/sec 
and a peak c u r r e n t  of 53 kA. 
s i m i l a r  t o  t h a t  c a l l e d  " t y p i c a l "  i n  t h e  F l o r i d a  measurements b u t  w i th  
a r i s e t i m e  o f  3 psec and a f a l l  time t o  ha l f -va lue  a t  8 psec. 
The c u r r e n t  waveshape i s  q u a l i t a t i v e l y  
For t h e  98 e l e c t r i c  f i e l d  waveforms due t o  s t r o k e s  a t  d i s t a n c e s  
l e s s  than o r  equal  t o  10 km (95 of t.hese from t h e  storm system recorded 
on data  r o l l s  26a,b and 27a,b) ,  bo th  t h e  c u r r e n t  waveforms and t h e  
r e t u r n  s t r o k e  v e l o c i t i e s  could be determined wi th in  limits. I n d i v i d u a l  
8 r e t u r n  s t r o k e  v e l o c i t i e s  were found t o  be i n  t h e  range 0.8 t o  2.4 x 10 
m/sec f o r  b e s t  f i t s  t o  t h e  e l e c t r i c  f i e l d  data .  
of v f o r  an al lowable fit around t h e  b e s t  f i t  va lue  was found t o  be 
- + 0.4 x 10 m/sec. 
A t y p i c a l  v a r i a t i o n  
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Fig. 17 shows examples o f  measured e l e c t r i c  f i e l d s  f o r  
f i rs t  s t r o k e s  a t  v a r i o u s  d i s t a n c e s ,  c a l c u l a t e d  b e s t  f i t  c u r r e n t s  and 
r e t u r n  s t r o k e  v e l o c i t i e s ,  and t h e  c a l c u l a t e d  e l e c t r i c  f i e l d s  t h a t  t h e s e  
y i e l d .  Figs.  13 and 14 show s i m i l a r  d a t a  f o r  subsequent s t rokes .  For 
t h o s e  curves marked "photo" , r e p r o d u c t i m s  of t h e  o r i g i n a l  f i l m  r e c o r d s  
a r e  given i n  previous f i g u r e s .  Also g iven  on t h e  cu rves  a r e  t h e  d a t a  
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r o l l  number and t h e  GMT time (EDST p lus  4 hours)  as  well a s  a n o t a t i o n  
i f  t h e  s t r o k e  was over t h e  A t l a n t i c  Ocean. 
The computed c u r r e n t s  f o r  f i r s t  r e t u r n  s t r o k e s  i n  Fig. 12 a r e  
probably v a l i d  t o  a f e w  microseconds a f t e r  t h e  i n i t i a l  peak a t  which 
time it might be expected t h a t  a change i n  v e l o c i t y  due t o  a major 
branch would occur,  
psec observed on a number o f  f i r s t  s t roke  waveforms may be due t o  t h i s  
change i n  v e l o c i t y  and t h e  occurrence of a major branch. The f i e l d  
from a f i r s t  r e t u r n  s t r o k e  a t  0.5 km which could have been produced by 
a r e l a t i v e l y  wide range o f  c u r r e n t s  and v e l o c i t i e s  i s  shown i n  Fig. 6 
and d i scussed  previously.  
The f i e l d  d i p  near 10 psec and t h e  peak nea r  20 
A c h a r a c t e r i s t i c  of t h e  l i gh tn ing  f i e l d s  recorded on d a t a  
rolls 26a,b and 27a,b i s  t h e  i n i t i a l  double peak. The m a j o r i t y  of 
observed storms (on which we had no good r ang ing)  produced s t r o k e s  
whose f i e l d s  had s i n g l e  i n i t i a l  peaks, although t h e s e  s t r o k e s  were a l l  
a t  d i s t a n c e s  g r e a t e r  than 10 km. 
Ca lcu la t ed  peak c u r r e n t  s t a t i s t i c s  a r e  d i sp l ayed  i n  Fig. 15. 
F o r  t h e  98 c l o s e  s t r o k e s ,  t h e  limits on t h e  peak c u r r e n t  a r e  due t o  t h e  
r ange  of r e t u r n  s t r o k e  v e l o c i t i e s  which can be used t o  f i t  a given f i e l d  
waveform. 
determined from f i e l d  waveshapes s o  t h a t  c u r r e n t s  were c a l c u l a t e d  by 
assuming v = 1.7 x 10 
D 
r e p r e s e n t s  d a t a  from p r i m a r i l y  one storm system whose l i g h t n i n g  could 
For  t h e  63 s t r o k e s  a t  D > 10 km, v e l o c i t i e s  could n o t  be 
e m/sec, t h e  average of t h e  v e l o c i t i e s  f o r  
10 km. Th i s  choice of  v e l o c i t y  might be r e l a t i v e l y  bad s i n c e  it 
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have had an anomalously high V. 
va lues  of peak c u r r e n t  a s  i n d i c a t e d  by (2) .  
A lower average v would r a i s e  t h e  
The maximum value of " b e s t - f i t "  peak c u r r e n t  i s  106 kA due 
t o  a f i rs t  s t r o k e  a t  7.7 km. The probable  upper l i m i t  t o  t h i s  peak 
c u r r e n t  i s  150 kA. 
s t u d i e s  a r e  nea r  200 kA [Uman, 19691. 
The h i g h e s t  peak c u r r e n t s  recorded i n  p rev ious  
During June and J u l y  of 1971 measurements were made by NASA 
(using magnetic l i n k s )  of t h e  peak c u r r e n t  i n  s e v e r a l  d i s c h a r g e s  which 
s t r u c k  t h e  launch umbi l i ca l  tower of Apollo 15. The l a r g e s t  of t h e s e  
was r epor t ed  t o  be 98 kA. 
The maximum valliP of " b e s t  f i t "  rate-of-charige of c u r r e n t  
averaged from zero t o  peak i s  170 kA/psec due t o  a subsequent s t r o k e  
a t  4.5 km with a 0.5 psec rise-time from zero t o  peak and a peak va lue  
of 85 kA. The probable  upper and lower l i m i t s  t o  t h e  r a t e - o f - r i s e  a r e  
210 kA/psec and l@ kA/psec, r e s p e c t i v e l y .  A t o t a l  o f  fou r  subsequent 
s t r o k e s  were observed with risetimes o f  0.5 psec.. Since t h i s  i s  c l o s e  
t o  t h e  system response time, it i s  p o s s i b l e  t h a t  t h e  rise-times were 
less than 0.5 psec and hence t h a t  t h e  maximum r a t e - o f - r i s e  noted above 
was even g r e a t e r  t han  ca l cu la t ed .  
o f - r i s e  p r e v i o u s l y  r e p o r t e d  i s  80 kA/psec [ Berqer and Voqelsanqer, 19651 
and r e p r e s e n t s  R o t  t h e  average from zero t o  peak b u t  t h e  maxiPum va lue  
during t h e  c u r r e n t  r ise  t o  peak. 
was of  t h e  c u r r e n t  produced by a subsequent s t r o k e  on a tower t o p  on 
Mount Sar! S a l v a t o r e  near  Lugano, Switzerland. 
The h i g h e s t  va lue  of c u r r e n t  r a t e -  
The measurement by Berger and  Vogelsagger 
E r r o r s  
The c a l c u l a t i o n  of c u r r e n t s  from measured f i e l d s  p re sen ted  
i n  t h i s  paper i s  made assuming (1) t h a t  t h e  r e t u r n  s t r o k e  v e l o c i t y  i s  
c o n s t a n t ,  (2) t h a t  t h e  r e t u r n - s t r o k e  channel i s  s t r a i g h t  and v e r t i c a l ,  
( 3 )  t h a t  t h e  peak c u r r e n t  does n o t  change with h e i g h t ,  ( 4 )  t h a t  t h e  
c u r r e n t  waveshape does n o t  change w i t h  h e i g h t ,  and ( 5 )  t h a t  t h e  
r e t u r n  s t r o k e  s t a r t s  a t  ground l e v e l .  
(1) The m a t t e r  of r e t u r n  s t r o k e  v e l o c i t y  has  been d i scussed  
(2)  For  a s t r a i g h t .  r e t u r n  s t r o k e  channel i n c l i n e d  a t  p rev ious ly .  
some ang le  t o  t h e  v e r t i c a l  t h e  c a l c u l a t e d  c u r r e n t  (assuming a v e r t i c a l  
c h a m e l )  can be s i g n i f i c a n t l y  i n  error. The worst c a s e  occur s  if t h e  
channel i s  s l a n t e d  away from t h e  observer.  For example, f o r  a channel 
s l a n t e d  away from t h e  observer  a t  15' from v e r t i c a l ,  D = 1.5 km, 
v = 8 x 10 
is decreased about. 15 pe rcen t  from the ve r t i ca l - channe l  ca se  and t h e  
maximum value of t h e  e l e c t r o s t a t i c  hump a t  about 15 psec i s  decreased 
about 30 percent .  
t o  be due t o  a v e r t i c a l  channel of higher r e t u r n  s t r o k e  v e l o c i t y .  
t o o  h igh  a v e l o c i t y  estimate coupled with t o o  low an e l e c t r i c  f i e l d  
measurement would r e s u l t  i n  a computed c u r r e n t  sma l l e r  t han  t h e  
a c t u a l .  
v e r t i c a l ,  D = 1.5 km, v = 8 x 10 
i n i t i a l  f i e l d  peak i s  p r a c t i c a l l y  the same a s  i n  t h e  v e r t i c a l  ca se  due 
t o  two e f f e c t s  which tend t o  cance l :  The peak f i e l d  dec reases  with 
7 m/sec, and a " t y p i c a l  cu r ren t " ,  t h e  peak e l e c t r i c  f i e l d  
The f i e l d  waveshape i s  changed such t h a t  it appears  
Thus, 
Fo r  channels  s l a n t e d  toward t h e  observer  a t  about 15' from 
m/sec, and a t y p i c a l  c u r r e n t ,  t h e  7 
15 
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r e spec t  t o  t h e  v e r t i c a l  ca se  because 8 from ( 1 )  i s  l e s s  t han  90' nea r  
t h e  channel base,  while  t h e  peak f i e l d  i n c r e a s e s  due t o  t h e  f a c t  t h a t  
t h e  time a t  which s i g n a l s  a r r i v e  from h ighe r  and h ighe r  p a r t s  of t h e  
channel i s  less f o r  t h e  s l a n t e d  channel. F o r  a channel s l a n t e d  toward 
t h e  observer,  t h e  e l e c t r o s t a t i c  hump i s  changed such t h a t  it appea r s  
t o  be due t o  a v e r t i c a l  channel of lower r e t u r n  s t r o k e  v e l o c i t y .  The 
n e t  e f f e c t  would be t h e  computation o f  a l a r g e r  c u r r e n t  t han  e x i s t e d .  
A channel s l a n t e d  t o  t h e  s i d e  with r e s p e c t  t o  t h e  observer  a t  about 
15' from t h e  v e r t i c a l  would have e x a c t l y  t h e  same waveshape a s  a 
v e r t i c a l  channel w i th  t h e  same r e t u r n  s t r o k e  v e l o c i t y  b u t  would have 
a magnitude about, 4 percen t  lower. From t h e  above it fol lows t h a t  
s t r a i g h t  non-ve r t i ca l  channels  n o t  more than  about 15' from v e r t i c a l  
do not produce e l e c t r i c  f i e l d  peaks which a r e  t o o  much d i f f e r e n t  from 
t h e  v e r t i c a l  channel case. However, r e l a t i v e l y  l a r g e  e r r o r s  i n  
computed r e t u r n  s t r o k e  v e l o c i t y  may occur  i f  v e l o c i t i e s  a r e  determined 
from e l e c t r i c  f i e l d  waveshapes o f  non-ve r t i ca l  channels.  C u r r e n t s  
determined using t h e s e  v e l o c i t i e s  w i l l  be  s i m i l a r l y  i n  e r r o r .  C l e a r l y ,  
t o  e x t r a c t  p r o p e r l y  t h e  c u r r e n t s  from t h e  measured f i e l d s ,  it i s  
necessary t o  independent ly  measure r e t u r n  s t r o k e  v e l o c i t y  and channel 
shape. Note however t h a t  i f  one wishes t o  measure and analyze on ly  
t h e  f i r s t  few microseconds of t h e  f i e l d  waveform ( i n  which t h e  peak 
g e n e r a l l y  o c c u r s ) ,  only t h e  p o r t i o n  of t h e  channel t r a v e r s e d  by t h e  
r e t u r n  s t r o k e  i n  t h a t  t i m e  need be s t r a i g h t  and v e r t i c a l .  
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( 3 )  According t o  Schonland [1956] t h e  luminos i ty  of subse- 
quent  s t r o k e s  t e n d s  t o  dec rease  a s  the r e t u r n  s t r o k e  propagates  upward, 
bus t h e  dsc rease  i s  n o t  pronounced. 
n o t  t o  dec rease  much wi th  height .  For f i r s t  s t r o k e s ,  l uminos i ty  
d e c r e a s e s  a b r u p t l y  a t  each major branch [Schonland, 19561, b u t  i s  
appa ren t ly  roughly cons t an t  betweer. major branches,  
o f  t h e  magnitude of t h e  c u r r e n t  waveform decreasing slowly wi th  h e i g h t  
i s  t o  cause t h e  f i e l d  a f t e r  t h e  i n i t i a l  peak t o  dec rease  more r ap id ly .  
For example, f o r  t h e  t y p i c a l  c u r r e n t  shown i n  Fig. 3a b u t  decreasing 
l i n e a r l y  t o  half-magnitude a t  a 5 km channel t op ,  t h e  f i e l d  a t  100 km 
would p a s s  through zero and go negat ive a t  about 20 psec. 
Thus one might expect  t h e  c u r r e n t  
The primary e f f e c t  
( 4 )  The l e a d e r  channel i s  an imperfect  conductor and hence 
t h e r e  w i l l  be d i f f e r e n t  propagat ion v e l o c i t i e s  and at tcnuat . ion c o e f f i -  
c i e n t s  f o r  t h e  v a r i o u s  frequency components of t h e  c u r r e n t  waveshape. 
( S t r i c t l y  speaking, t h i s  s t a t emen t  is  on ly  v a l i d  f o r  a l i n e a r  system, 
which t h e  l i g h t n i n g  channel,  i t s  cu r ren t s ,  and f i e l d s  may n o t  wel l  
approximate). 
waveshape with height .  
i n d i c a t e s  t h a t  i n  some c a s e s  a t  l e a s t  t h i s  d i s t o r t i o n  i s  n o t  too g rea t !  
One t h e r e f o r e  would expect some d i s t o r t i o n  i n  t h e  
The f a c t  t h a t  ’‘mirror image” waveforms exis t .  
( 5 )  When t h e  s tepped l eade r  n e a r s  ground, t h e  e l e c t r i c  
f i e l d  a t  ground w i l l  probably become l a r g e  enough t o  i n i t i a t e  from 
ground one o r  more upward-going l e a d e r s  (connecting d i scha rges )  which, 
from t h e  meager obse rva t iona l  evidence a v a i l a b l e ,  are  of 10 t o  50 m 
l e n g t h  above f l a t  ground [Uman, 19691. Perhaps a r easonab le  upper l i m i t  
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would be 100 m i n  view o f  t h e  f a c t  t h a t  Berqer and Vogelsanqer [I9651 
found connect ing d i scha rges  o f  20 t o  70 m l e n g t h  above a 55 m tower on 
Mount San Sa lva to re  nea r  Lugano, Switzer land.  I f  t h e  r e t u r n - s t r o k e  
cu r ren t  s t a r t s  t o  f low a t  t h e  connect ion o f  t h e  upward and downward- 
moving l e a d e r s  and propagates  components bo th  upward and downward, t h e  
t o t a l  measured e l e c t r i c  f i e l d  w i l l  be due t o  both  components. Any 
s i g n i f i c a n t  c u r r e n t  wave i ( t+(z-h) /v) ,  where h i s  t h e  l e n g t h  o f  t h e  
connecting d ischarge ,  which propagates  down t h e  connect ing d i scha rge  
w i l l  cause an i n c r e a s e  i n  t h e  measured f i e l d  while  it is  propagat ing.  
F o r  the upper l i m i t  l e n g t h  o f  100 m and v = 1 x 10 
time down t h e  connect ing d i scha rge  would be 1 psec. Thus, it is  conceiv- 
a b l e  t h a t  t h e  f i e l d  due t o  c u r r e n t  t r a v e r s i n g  t h e  connect ing d i scha rge  
may c o n t r i b u t e  t o  t h e  i n i t i a l  f i e l d  peak f o r  f i r s t  s t rokes .  The r e s u l t  
would be  t h a t  t oo  l a r g e  a channel c u r r e n t  would be c a l c u l a t e d  dur ing  
t h e  time of t h e  downward propagat ion.  
f r o n t  ( v o l t a g e  d i s c o n t i n u i t y  and r e s u l t a n t  c u r r e n t  wave) r e f l e c t s  from 
t h e  ground, t h e  r e s u l t a n t  upward propagat ing  f r o n t  and t h e  main f r o n t  
ahead o f  it may be t r e a t e d  a s  one system wi th  an o v e r a l l  channel c u r r e n t  
i ( t  - z/v) which would probably have two peaks. I t  i s  n o t  known whether 
subsequent s t r o k e s  have connect ing d ischarges .  Not i n f r e q u e n t l y  
e lec t r ic  f i e l d  waveforms a r e  observed which have a very  sha rp  p u l s e  
occurr ing during t h e  waveform r i se  t o  peak. 
t o  the f i e l d  from t h e  connect ing d ischarge .  High-speed photographs 
t ime-cor re la ted  wi th  t h e  e l e c t r i c  f i e l d  t r a c e s  w i l l  be necessary  t o  
s e t t l e  t h e s e  ques t ions .  
8 m/sec, t h e  propagat ion  
After t h e  downward propagat ion  
Th i s  p u l s e  might  be due 
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I t  i s  d i f f i c u l t  t o  a s s e s s  p rope r ly  t h e  e r r o r s  i n  computed 
c u r r e n t  due t o  d i f f e r e n c e s  between the model and a c t u a l  r e t u r n  s t rokes .  
I n  view of t h e  f a c t  t h a t  most r e t u r n  s t r o k e  v e l o c i t i e s  a s  determined 
from e l e c t r i c  f i e l d  wave shapes were r e l a t i v e l y  high compared t o  t h e  
r anges  r epor t ed  by Schonland e t  a l .  (1935) and Schonland (1956), it 
would appear t h a t  most channels were e i t h e r  v e r t i c a l  o r  l ean ing  away 
from t h e  observer.  
t o  have been randomly o r i e n t e d ,  it fol lows t h a t  most were probably more 
o r  less v e r t i c a l .  On t h e  o t h e r  hand, much of t h e  c l o s e  d a t a  were taken 
on a s i n g l e  storm while it was moving toward t h e  obse rva t ion  po in t .  
I t  i s  p o s s i b l e  t h a t  t h e  meteorological  cond i t ions  were such a s  t o  s l a n t  
t h e s e  channels away from t h e  observat ion po in t .  I f  t h e r e  i s  an e r r o r  
i n  c a l c u l a t e d  c u r r e n t  due t o  t h i s  e f f e c t ,  it i s  probably i n  t h e  d i r e c t i o n  
of t o o  small  a computed c u r r e n t .  
Since it i s  more reasonable  t o  expect  t h e  channels  
The u n c e r t a i n t y  i n  c u r r e n t  magnitude due t o  d r i f t  and c a l i b r a -  
t i o n  e r r o r s  i n  t h e  e l e c t r i c  f i e l d  measuring system and e r r o r s  i n  
e x t r a c t i n g  t h e  f i e l d  d a t a  from t h e  35 mm f i l m  on which t h e  waveforms 
were recorded i s  est imated t o  be 2 15 pe rcen t .  
Thunder ranging g e n e r a l l y  r e s u l t s  i n  a s l i g h t  underest imat ion 
o f  t h e  d i s t a n c e  t o  t h e  main-current channel s i n c e  sound i s  heard f irst  
from t h e  n e a r e s t  branches o r  in-cloud channels.  Th i s  e r r o r  becomes 
l a r g e r  a s  t h e  s t r o k e s  become c l o s e r .  Assuming t h a t  t h e  i n i t i a l  thunder 
c l a p  comes from t h e  v e r t i c a l  main channel, we were,sometimes a b l e  t o  
d i f f e r e n t i a t e  between t h e  i n i t i a l  thunder and t h a t  due t o  t h e  main 
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channel. 
f o r  t h e  c l o s e s t  s t r o k e s  probably does no t  exceed 20 percent .  
d i s t a n c e  underest imate  l e a d s  t o  an underest imate  of t h e  c u r r e n t  
magnitude. 
I f  t h i s  approach i s  c o r r e c t ,  t h e  underest imat ion of d i s t a n c e  
Any 
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Discussion 
The a v a i l a b l e  s t a t i s t i c s  on l i g h t n i n g  peak c u r r e n t ,  c u r r e n t  
r i s e t i m e ,  and time t o  h a l f  of peak c u r r e n t  va lue  have been summarized by 
- Uman [1969]. The most r e l i a b l e  d a t a  on c u r r e n t  waveshapes come from t h e  
Empire S t a t e  Bui lding s tudy (Haqenquth and Anderson, 1952),  t h e  Mount 
San S a l v a t o r e  s tudy (Berqer and Voqelsanqer, 1965; Berqer, 1967), 
1 
I and t h e  s tudy  by McCann [19L+,!+]. The t o t a l  number o f  s t r o k e s  analyzed 
i n  t h e s e  s t u d i e s  was about 300 although n o t  a l l  s a l i e n t  p r o p e r t i e s  of 
t h e  c u r r e n t  were publ ished f o r  a l l  300 s t rokes .  
a r e  on ly  115 publ ished risetime measurements). 
c u r r e n t s  i s  more p l e n t i f u l  (about 3CXDmeasurements) p r i m a r i l y  due t o  
t h e  magnetic l i n k  d a t a  r epor t ed  by Lewis and Foust  [1945]. A l l  of t h e  
above d a t a  r e f e r  t o  t h e  c u r r e n t s  flowing a t  t h e  base  of t h e  l i g h t n i n g  
channel ,  g e n e r a l l y  i n  s t r u c t u r e s  which p r o j e c t  high above t h e  normal 
t e r r a i n .  
(For  example, t h e r e  
Information on peak 
The peak c u r r e n t  s t a t i s t i c s  of  F igu re  15 a r e  i n  r easonab le  
agreement with p rev ious  measurements. 
median peak c u r r e n t  about twice t h a t  i n d i c a t e d  by p rev ious  work. 
63 s t r o k e s  f o r  which D > 10 km have a peak c u r r e n t  d i s t r i b u t i o n  ve ry  
c l o s e  t o  t h a t  r e p o r t e d  by L e w i s  and Foust [194.5]. Our measured c u r r e n t  
risetimes, g e n e r a l l y  i n  t h e  range 0.5 t o  5.0 psec,  a r e  i n  good agreement 
wi th  t h e  l i t e r a t u r e  which shows median risetimes i n  t h e  range 1 t o  3 psec. 
The primary discrepancy between t h e  c u r r e n t  waveshapes 
The 98 c l o s e  s t r o k e s  have a 
The 
r e p o r t e d  i n  t h i s  paper and those  measured d i r e c t l y  due t o  c u r r e n t  flow 
i n  t a l l  s t r u c t u r e  i s  t h e  c u r r e n t  waveshape around peak and i t s  fa l l - t ime .  
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We g e n e r a l l y  f i n d  sha rp ly  peaked c u r r e n t s  with a time t o  h a l f  of peak 
va lue  of about 10 psec. The waveforms from d i r e c t  c u r r e n t  measurement 
g e n e r a l l y  show no sharppeak and a time t o  h a l f  of peak va lue  of 30 t o  
40 psec. I f  an i n i t i a l  peak were superimposed on t h e s e  d a t a ,  t h e  
r e s u l t a n t  c u r r e n t s  would be very s i m i l a r  t o  those  de r ived  from our  f i e l d  
measurements. 
(1) The c u r r e n t  i n  a s t r u c t u r e  a t  t h e  base of t h e  l i g h t n i n g  may n o t  have 
t h e  same waveshape a s  t h e  c u r r e n t  propagating up t h e  channel due t o  t h e  
e f f e c t s  of t h e  connecting d i scha rge  and s i n c e  t h e  s t r u c t u r e  has  d i f f e r e n t  
impedance c h a r a c t e r i s t i c s  from t h e  channel; (2)  The measurement 
techniques used on s t r u c t u r e s  may have f a i l e d  t o  d e t e c t  sharp peaks 
which d i d  e x i s t ;  (3) The r e t u r n  s t r o k e  model i s  d e f i c i e n t  and f i e l d  
peaks do no t  t r a n s l a t e  i n t o  c u r r e n t  peaks,  
The c u r r e n t  waveshapes f o r  f i r s t  s t r o k e s  given i n  Fig. 12  a r e  
Three p o s s i b l e  exp lana t ions  f o r  t h e  discrepancy a r e :  
remarkably s i m i l a r  t o  t h e  f i r s t  s t r o k e  c u r r e n t s  of Berqer and 
Voqelsanqer [1965] and Berqer [1967]. 
u s u a l l y  show a broad second f ie ld-peak nea r  20 psec. 
a t t r i b u t e s  t h e  second peak t o  branch c u r r e n t s .  The s i m i l a r i t y  between 
o u r  data  and h i s  i s  probably f o r t u i t o u s  s i n c e  t h e  model c a l c u l a t i o n s  
do not t a k e  i n t o  account t h e  e f f e c t s  of branches o r  of expected changes 
i n  the  r e t u r n  s t r o k e  v e l o c i t y .  
I n  p a r t i c u l a r  both sets of d a t a  
Berqer [1967] 
Kalakowsky and L e w i s  [1967] have p resen ted  d a t a  on s t r o k e  
l o c a t i o n  and e l e c t r i c  f i e l d  i n t e n s i t i e s  f o r  very l a r g e  s t r o k e s  i n  New 
England. The s tudy l a s t e d  f o r  30 months. From t h e s e  d a t a  and assumed 
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r e t u r n  s t r o k e  v e l o c i t i e s  we can compute peak c u r r e n t s  f o r  tk New 
England s t rokes .  ' The l a r g e s t  of h a l f  a m i l l i o n  waveforms i s  
i n d i c a t i v e  of a peak c u r r e n t  of abaut 110 kA i f  v = 2 x lo8 m/sec 
8 220 kA i f  v = 1 x 10 
Twenty seven of t h e  h a l f  m i l l i o n  waveforms ( o r  about 0.005 p e r c e n t )  
were i n d i c a t i v e  of a c u r r e n t  over about 38 kA i f  v = 2 x 10 
over  about 76 kA i f  v = 1 x 10 
m/sec, and p r o p o r t i o n a l l y  higher  i f  v i s  lower. 
8 m/sec o r  
8 m/sec. 
A s  noted i n  "The Experiment" s e c t i o n ,  31 s t r o k e s  i n  e i g h t  
f l a s h e s  were observed over t h e  A t l a n t i c  Ocean. Ne i the r  t h i s  "water" 
sample nor  t h e  sample of s t r o k e s  over land i s  l a r g e  enough t o  draw any 
conclusions r e l a t i v e  t o  t h e  p o s s i b l e  d i f f e r e n c e  between l i g h t n i n g  over 
water  and over land. The primary apparent d i f f e r e n c e  i n  t h e  samples i s  
t h a t  over-water c u r r e n t s  have smaller  peak va lues  than t h e  over-land 
c u r r e n t s .  
The r i s e t i m e s  of t h e  over-water f i e l d s  (which cannot be 
s i g n i f i c a n t l y  a f f e c t e d  by propagation l o s s e s )  and t h e  c u r r e n t s  
c a l c u l a t e d  from them were between 1.0 and 9.0 psec. E igh t  subsequent 
s t r o k e s  had rise-times of  about 1.0 psec. 
which measurements could be made had r i s e t i m e s  between 4.0 and 9.0 
psec,  
The s i x  f i r s t - s t r o k e s  on 
somewhat g r e a t e r  than t y p i c a l  over-land risetimes. 
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Conclusions and Recommendations 
A small  sample of F l o r i d a  l i g h t n i n g  has  y i e l d e d  s e v e r a l  peak 
c u r r e n t s  i n  t h e  100 kA range o r  above. 
0.5 psec o r  f a s t e r  were found; and t h e  f a s t e s t  observed c u r r e n t  r a t e -  
o f - r i s e  was nea r  200 kA/psec. 
s t a t e d  t h a t  2 pe rcen t  of c u r r e n t s  can be expected t o  be over  100 kA, t h a t  
t h e s e  c u r r e n t  peaks w i l l  be reached i n  10 psec,  and t h a t  t h e  maximum 
r a t e - o f - r i s e  of c u r r e n t  w i l l  be 10 kA/psec. On t h e  b a s i s  of t h e  d a t a  
presented i n  t h i s  r e p o r t  r e l a t i v e  t o  channel c u r r e n t s  i n  l i g h t n i n g  t o  
normal t e r r a i n ,  we f e e l  t h e  s p e c i f i c a t i o n  on c u r r e n t  r i s e t i m e  and 
r a t e - o f - r i s e  of c u r r e n t  should be changed: risetimes a r e  g e n e r a l l y  
1 ysec t o  a few microseconds with a minimum of t e n t h s  o f  a microsecond 
and a maximum of 10 psec; r a t e s - o f - r i s e  of c u r r e n t  may o c c a s i o n a l l y  be 
expected t o  exceed 200 kA/psec. 
Several  c u r r e n t  r i s e t i m e s  of 
I n  Sec t ion  9.2.2 o f  NASA TM-64589 it is 
The o r i g i n a l  o b j e c t i v e  of t h i s  r e s e a r c h  was t o  o b t a i n  a 
meaningful s t a t i s t i c a l  d i s t r i b u t i o n  of peak c u r r e n t s  and c u r r e n t  
r i s e t imes .  
i n  order  t o  achieve t h i s  goal .  
i n  t h e  'iErrors" s e c t i o n ,  r e t u r n  s t r o k e  v e l o c i t y  must be p h o t o e l e c t r i c a l l y  
o r  photographical ly  measured and channel shape must be determined 
photographical ly  i n  coord ina t ion  wi th  t h e  e l e c t r i c - f i e l d  and s t r o k e -  
d i s t ance  measurements i f  a c c u r a t e  r e t u r n - s t r o k e  c u r r e n t s  a r e  t o  be 
derived. 
v e r i f i c a t i o n  of t h e  r e t u r n - s t r o k e  model used. We t h e r e f o r e  recommend 
t h a t  a d d i t i o n a l  r e s e a r c h  i n  t h i s  d i r e c t i o n  be supported.  
I t  i s  c l e a r  t h a t  a d d i t i o n a l  measurements w i l l  be necessa ry  
F u r t h e r ,  a s  i n d i c a t e d  by t h e  d i s c u s s i o n  
T h i s  s e t  of coordinated experiments would a l s o  a l low f u r t h e r  
, 
Acknowledqment 
The r e s e a r c h  r e s u l t s  i n  t h i s  r e p o r t  were ob ta ined  wi th  
support  from t h e  Nat ional  Aeronautics and Space Adminis t ra t ion 
(NAS8-28168 and NAS9-11629), from t h e  Atmospheric Sciences Program 
of t h e  O f f i c e  o f  Naval Research (NOOOl4.-71-C-O005 and N00014.-68-A-O173-0018) 
and from t h e  Nat ional  Science Foundation (GA-31976). 
The experimental  d a t a  presented was obtained under NASA 
Con t rac t  No. NAS9-11629 by M. A. Uman, R. J. F i s h e r ,  and E. P. Krider.  
We would l i k e  t o  thank Mr. A. J. Carraway and h i s  group a t  t h e  NASA 
Kennedy Space Center ,  F l o r i d a ,  t h e  personnel of t h e  KSC Weather S t a t i o n ,  
and t h e  personnel  of t h e  A i r  Force Weather S t a t i o n  on t h e  Cape f o r  h e l p  
which g r e a t l y  a ided i n  t h e  d a t a  taking. 
25 
REFERENCES I i 
1. Berger, K., Novel Observa t ions  on Lightning Discharges:  
Resu l t s  of Research on Mount San Sa lva to re ,  J. Frank. I n s t . ,  
- 283, 478-5259 1967. 
2. Berger, K., and E. Vogensanger, Messungen und R e s u l t a t e  d e r  
Bl i tz forshung d e r  J a h r e  
Bull .  Swiss Elec t ro teck .  Verein,  56, 2-22, 1965. 
J. I E E ,  London, a (p t .  21, 487-524, 1941. 
1955-1963 auf dem Monte San Sa lva to re ,  
1 
3. Bruce, C. E. R., and R. H. Golde, The Lightning Discharge,  
4. Croom, D.L., i he  Frequency Spec t r a  and At tenuat ion  o f  Atmospherics 
i n  t h e  Range 1-15 kc/s, J. Atmosph. Terr .  Phys., 26, 1015-1046, 
1964. 
5. D a n i e l s ,  Glenn  E. , T e r r e s t r i a l  E n v i r o n m e n t  ( C l i m a t i c )  C r i t e r i a  
Gu ide l ines  for  U s e  in  S p a c e  V e h i c l e  D e v e l o p m e n t ,  1971 R e v i s i o n ,  
NASA T M  X-64589,  G e o r g e  C. M a r s h a l l  S p a c e  F l i g h t  C e n t e r ,  
M a r s h a l l  S p a c e  F l i g h t  C e n t e r ,  A l a b a m a  35812.  
6. Dennis, A.S., and E. T. P i e r c e ,  The Return S t r o k e  o f  a Lightn ing  
Flash  t o  Ea r th  a s  a Source o f  VLF atmospherics ,  Radio Sci . ,  E D ,  
777-794, 196.4.. 
7. F i she r ,  R . J . ,  and M. A. Uman, Measured E l e c t r i c  F i e l d  Risetimes 
f o r  F i r s t  and Subsequent Lightn ing  Return S t rokes ,  Jd-Geophys. Res. , 
L 77, 399-4069 1972. 
8. McLain, D. K. ,  and M. A. Uman, Exact  Expression and Moment 
Approximation f o r  t h e  Elec t r ic  F i e l d  I n t e n s i t y  o f  t h e  Lightn ing  
Return S t roke ,  J. Geophvs. Res., 2, 2101-2105, 1971. 
9. Hagenguth, J . H . ,  and J. G. Anderson, L i  h tn ing  t o  t h e  Empire 
S t a t e  Bui ld ing ,  p t .  3, Trans.  A I E E ,  71 9 p t .3 ) ,  6.4.1-649, 1952. 
10. Kalakowsky, C. B., and E. A. L e w i s ,  VLF S f e r i c s  of  Very Large 
V i r t u a l  SourceSt rength ,  MF, LF, and VLF Radio Propaqat ion  
Conference,  Pub l i ca t ion  No. 36, - IEE', London, Nov. 1967, 
11. Lewis, W. W., and C. M. Foust ,  L ightn ing  I n v e s t i g a t i o n  on 
pp 228-2.4.5. 
Transmission Lines ,  p t .  7, Frans.  N E E ,  a, 107-115, 1945. 
12. McCann, G. D., The Measurement of Lightn ing  C u r r e n t s  i n  
Di rec t  S t rokes ,  Trans. AIEE,  - 63, 1157-1164, 194.4. 
13. Morrison, R.B., The Var i a t ion  w i t h  Dis tance  i n  t h e  Range 0-100 km 
o f  Atmospheric Wave-Forms, P h i l .  Mag., 4.4, 980-992, 1953. 
26 
Norinder,H., and 0. Dahle, Measurements by Frame A e r i a l s  of 17. 
Cur ren t .  Variat ions.  i n  Lightning Discharges,  Arkiv Mat. Astron. F y s i k ,  - 32A 1-70, 1945. 
1 5 ,  Schonland, B. F. J., The Lightning Discharge, 
Handbuch d e r  Physik, 22, 576-628, 195C:. 
16, Schonland, B. F. J., Malan, D. J., and H. Co l l ens ,  
P rogres s ive  Lightning 11, Proc. Roy. SOC., 152, 595-625, 1935. 
17. Taylor ,  W. L. ,  Radiat ion F i e l d  C h a r a c t e r i s t i c s  of  Lightning 
Discharges i n  t h e  Band 1 kc/s t o  10 kc/s, J. Res. NBS Radio 
Propaqat.,  a D ,  539-550, 1963. 
18.  S r i v a s t a v a ,  K. M. L . ,  and B. A. P. Tantry,  VLF C h a r a c t e r i s t i c s  
of Electromagnetic Rad ia t ion  from t h e  Return S t roke  of Lightning 
Discharge,  Ind ian  J. of Pure and Appl. Phys., 4, 272-275, 1966. 
1 9  . Uman, M. A., Liqhtninq,  McGraw-Hill, New York, 1969. 
2 0 .  Uman, M. A., and D. K. McLain, Magnetic F i e l d  of Lightning 
Return Stroke,  J. Geophys. Res., a, 6899-6910, 1969. 
2 1 .  Uman, M.A., and D. K. McLain, Lightning Return S t roke  Cur ren t  from 
Magnetic and Radiat ion F i e l d  Measurements, J. Geophys. Res. , 2, 
5143-5147, 1970a. 
2 2 .  Uman, M. A., and D, K. McLain, Radiation F i e l d  and Cur ren t  of t h e  
Lightning Stepped Leader, J. Geophys. Res., 75, 1058-1066, 1970b. 
PERMANENT RECORD BOOK ENTRIES: 204479, p. 25, 29, 30 
27 
I 
! 
I 
I - 
& 
I 
< 
i :  v) 
0 
T 
i- 
2 8  
m -4 
h o h  
0 .d c, * a o .  
*c,.4H 
a 
- P a l  
2 9  
8 
?! 
8 
2 
N 
a 
1 
30 
Curve 646195-A 
Time, psec . 4.b. Calcu la t ed  e l e c t r i c  f i e l d  i n t e n s i t y  f o r  v = 8 x lo7 m/sec ai 
v a r i o u s  d i s t a n c e s  f o r  t y p i c a l  c u r r e n t s  whose waveshapes a r e  
t h a t  of t h e  e l e c t r i c  f i e l d  a t  100 km. The o r d i n a t e  s c a l e s  
w i th  I 
P. 
c 
E 3 + 
al .- 
LI I 
x 3 ,  D = 3 k m  
- I /  
Fig. &. 
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 
Time, vsec 
Calcu la t ed  e l e c t r i c  f i e l d  i n t e n s i t y  f o r  v = 8 x lo7 m/sec and 
v a r i o u s  d i s t a n c e s  f o r  t y p i c a l  c u r r e n t s  whose waveshapes a r e  
t h a t  of t h e  e l e c t r i c  f i e l d  a t  100 km. The o r d i n a t e  s c a l e s  
w i th  I 
31 
P. 
Curve 645723-A 
I 1 I I I I I I I I I I 1 I 
300 I,, = 5  kA - E 
> 
- 
\ 
- - >;.- VI v = 1.6 x IO8 m/sec - Scale x0 .5 ,  D =0.5km 
- 
- 
- 
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 
Time, Hsec 
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